Genetic code expansion (GCE) technology allows the specific incorporation of functionalized noncanonical amino acids (ncAAs) into proteins. Here, we investigated the Diels-Alder reaction between trans-cyclooct-2-ene (TCO)-modified ncAAs, and 22 known and novel 1,2,4,5tetrazine-dye conjugates spanning the entire visible wavelength range. A hallmark of this reaction is its fluorogenicity -the tetrazine moiety can elicit substantial quenching of the dye.
Single-molecule localization microscopy is a powerful method for subdiffraction-resolution fluorescence imaging of cells and tissue 1, 2 . Since the density of fluorophores controls the achievable structural resolution 3 , efficient and specific labeling with fluorescent probes is a decisive factor in this super-resolution microscopy technique. Despite recent progress in the development of new fluorophores with higher fluorescence quantum yield, photostability, and intrinsic photoswitching in aqueous buffer [4] [5] [6] [7] [8] , specific and efficient labeling of the molecule of interest remains a significant challenge. As the field moves toward ever higher spatial resolution using, e.g. expansion microscopy 9, 10 , the effective size of the label (fluorophore, linker and affinity reagent) will be the main limiting factor of super-resolution microscopy.
Immunolabeling with antibodies is still the method of choice for fluorescence imaging of fixed cells, but the large size of antibodies introduces a displacement of 10-15 nm of the fluorophore from the molecule of interest 1 . This linkage error is smaller for fluorescent proteins and proteinbased self-labeling tags but is still several nanometers 11 . Small (1.5 × 2.5 nm) camelid antibodies ('nanobodies') directed against green fluorescent protein (GFP) or shorter peptide epitopes have been used successfully for super-resolution microscopy 12 but the palette of targets is small 13 . Even the most optimized labeling strategies using short peptide tags labeled with bivalent nanobodies or fluorescently labeled monomeric streptavidin yield linkage errors of ~ 2 nm in direct stochastic optical reconstruction microscopy (dSTORM) experiments [14] [15] [16] [17] .
This problem demands the development of efficient labeling methods with small dyes, which can be site-specifically and quantitatively attached to a protein of interest with low linkage error.
Genetic code expansion (GCE) technology enables the introduction of noncanonical amino acids (ncAAs) with small functional groups at any position in a target protein [18] [19] [20] . In this strategy, a native codon is replaced with a rare codon, such as the amber (TAG) stop codon, at a specific site in the gene of the protein of interest. The modified protein is then expressed in mammalian cells along with an additional tRNA-tRNA synthetase pair (tRNA-RS) that is orthogonal to the host translational machinery. The active site of the tRNA synthetase enzyme is engineered to only accept a specific ncAA, which is incorporated into a tRNA that recognizes the rare codon. The ncAA is simply added to the growth medium and thereby incorporated into the protein at a specific site [18] [19] [20] . A particularly promising type of ncAA include strained alkenes, such as trans-cyclooct-2-ene (TCO*), that can react with a 1,2,4,5-tetrazine in an ultrafast, specific, and bioorthogonal inverse electron-demand Diels-Alder reaction. In this strategy, TCO*-modified ncAAs, such as TCO*-L-lysine (TCO*-Lys), can be efficiently and directly labeled with organic dyes with minimal linkage error 21 . The high selectivity and rate of this click chemistry reaction has resulted in a large number of commercially available fluorophoretetrazine conjugates allowing labeling of mammalian cells and whole organisms with organic dyes, even in living systems [22] [23] [24] .
Another interesting property of this labeling strategy is the potential for fluorogenicity. It has been reported that some tetrazine-functionalized dyes (tetrazine-dyes) function as fluorogenic probes, meaning these compounds substantially increase fluorescence intensity upon reaction with the strained dienophile such as TCO 25, 26 . This makes tetrazine-dyes especially interesting for live-cell labeling and fluorescence imaging applications since the fluorogenic reaction could lower background and potentially eliminate the need for washing out excess fluorophore.
Despite these apparent advantages however, the use of ncAAs and tetrazine-dyes to label proteins for super-resolution microscopy applications remain rare and unoptimized [27] [28] [29] .
Motivated by these considerations, we studied the spectroscopic characteristics and quenching mechanism of 22 known and novel tetrazine-dyes that span the entire visible spectral range. The tetrazine-dyes included in this study are ATTO425, ATTO465, ATTO488, ATTO532, Cy3, carboxytetramethylrhodamine (TAMRA), ATTO550, ATTO565, ATTO590, ATTO594, ATTO620, Si-rhodamine (SiR) 4 , ATTO647N, Cy5, ATTO655, ATTO680, ATTO700, two large Stokes shift dyes AZ503 and AZ519, as well as the recently introduced Si-rhodamine derivative JF646 6 , spontaneously blinking HMSiR 5 , and the bridged carbocyanine dye Cy5B 8 (Supplementary Fig. S1 ).
Results and discussion

Spectroscopic characteristics of tetrazine-dyes
The absorption and emission maxima of the 22 tetrazine-dyes were measured in aqueous buffer (PBS, pH 7.4) before and after reaction with ncAA TCO*-Lys ( Table 1 ). In TCO*-Lys isomerization to the less reactive cis-isomer is prevented by stabilizing the compound for several days under physiological conditions 30 . The majority of tetrazine-dyes are commercially available as 3-methyl-6-phenyl-1,2,4,5-tetrazine (Me-Tet) derivatives and only some of them are also available as 3-phenyl-1,2,4,5-tetrazine (H-Tet) derivatives. Those dyes which are not available as tetrazine derivatives were synthesized by reacting N-hydroxysuccinimide derivatives of the fluorophores with 3-(p-benzylamino)-1,2,4,5-tetrazine (H-Tet-amine; Supplementary Fig. S2 ). The main difference between Me-Tet and H-Tet dye conjugates are the different reactivity and chemical stability: H-Tet exhibits an approximately 30-fold higher click reaction rate constant but a lower chemical stability 30 .
Almost all tetrazine-dyes investigated exhibited a significant fluorescence increase upon reaction with TCO*-Lys (Table 1, Supplementary Fig. S3 ). The increase in fluorescence intensity is most pronounced for the shorter wavelength absorbing dyes ATTO425, ATTO465, and ATTO488 with turn-on ratios of 15-40. Due to the broad absorption spectrum of tetrazine peaking at ~ 515 nm it can efficiently quench the fluorescence of dyes emitting at wavelengths ≤ 550 nm by fluorescence resonance energy transfer (FRET) ( Supplementary Fig. S2) 25 .
Hence, the tetrazine chromophore can act as both quencher and bioorthogonal click-reaction group. Indeed, the turn-on ratios of the tetrazine-dyes ATTO425, ATTO465, ATTO488, and ATTO532 after coupling to TCO*-lysine scale according to the emission maxima of the dyes and their overlap with the absorption spectrum of tetrazine ( Table 1, Supplementary Figs. S1, S2).
The longer wavelength absorbing oxazine dyes ATTO655, ATTO680, and ATTO700, and the large Stoke-shift dyes AZ503 and AZ519 show turn-on ratios of 6-13 ( Table 1, Fig. 1a,   Supplementary Fig. S3 ). These high turn-on ratios are not entirely reflected in the increase in fluorescence lifetime indicating that short fluorescence lifetime components are missed in our time-correlated single-photon counting (TCSPC)-experiments with a time resolution of approximately 40 ps.
Long-term spectroscopy studies revealed that some dyes such as ATTO465, ATTO488, and ATTO655 show a slight but highly reproducible decrease in fluorescence intensity after the initial strong increase upon addition of TCO*-Lys ( Fig. 1a, Supplementary Fig. S3 ), which can be attributed most likely to tautomerization of the TCO*-tetrazine conjugate resulting in the release of lysine by decarboxylative elimination 31 .
Comparative click reactions demonstrate that the click reaction of H-Tet-ATTO488 and H-Tet-Cy5 with TCO*-Lys proceeds approximately 30-times faster than for the corresponding Me-Tet derivatives 32 but the turn-on ratios differ significantly especially for the two ATTO488 tetrazine derivatives ( Supplementary Fig. S4 ). In particular, H-Tet-ATTO488 is substantially less quenched than Me-Tet-ATTO488. Accordingly, the turn-on ratio is much higher for the Me-Tet derivative. Assuming similar FRET efficiencies for both ATTO488 conjugates the different turnon ratios can only be explained by the reduced chemical stability of H-Tet 32 . Obviously, a fraction of H-Tet-ATTO488 decomposes spontaneously in physiological buffer because of the higher reactivity, which results correspondingly in a lower FRET-efficiency and turn-on ratio ( Supplementary Fig. S4 ).
Higher quenching efficiencies with turn-on rates of > 1,000 have been achieved in the green wavelength region by using through-bond energy transfer (TBET) in tetrazine-BODIPY derivatives 26 . However, efficient TBET quenching has been restricted to tetrazine-dyes absorbing in the blue-green wavelength range, e.g. bodipy and coumarin dyes, which are less suited for super-resolution microcopy 25, 26, 33 . Flexibly-linked tetrazine-dyes as used here are easier to access from a synthetic standpoint but exhibit lower turn-on ratios after reaction with dienophiles ( Table 1) 27 .
Fluorescence quenching in red-absorbing tetrazine-dyes
To shed light on the fluorescence quenching mechanism in the longer wavelength absorbing flexibly-linked tetrazine-dyes we performed intermolecular steady-state and time-resolved fluorescence quenching experiments with free dyes and Me-Tet-amine under physiological conditions (PBS, pH 7.4) following previous studies on tryptophan quenching 34, 35 (Figs. 1b,   1c , Supplementary Fig. S5) . The time-resolved fluorescence decays remain almost monoexponential with a longer fluorescence lifetime, dependent on the quencher concentration, and an additional shorter decay component with lifetimes in the range of a few tens of picoseconds. For the quencher dependent longer fluorescence lifetimes, we observed linear Stern-Volmer plots for all measured dyes (ATTO655, ATTO700, JF646, CY5, and Cy5B) ( Fig. 1c ) and calculated bimolecular dynamic quenching rate constants kdyn of (1.7±0.1) × 10 9 M -1 s -1 , (1.9±0.1) × 10 9 M -1 s -1 , (2.6±0.1) × 10 9 M -1 s -1 , (4.1±0.2) × 10 9 s -1 , and (3.5±0.1) × 10 9 M -1 s -1 , respectively. These values represent dynamic quenching that is approaching the diffusion limit.
In addition, strong static quenching was observed for the two oxazine dyes ATTO655 and ATTO700 as well as for the Si-rhodamine dye JF646 ( Fig. 1b) Me-Tet-ATTO655, Me-Tet-ATTO680, Me-Tet-ATTO700, and Me-Tet-JF646 show a high turnon ratio ( Table 1 ) and are therefore efficiently quenched by Me-Tet-amine also in intramolecular quenching experiments. This finding indicates that the dye and the tetrazine moiety, when connected by a flexible linker, can adopt a nearly coplanar stacking conformation, which is required for efficient fluorescence quenching ( Fig. 1d) .
Our results indicate that the underlying quenching mechanism in longer wavelength absorbing oxazine and Si-rhodamine dyes is only efficient at very short distances, i.e. within complexes. This is also supported by the observation that the fluorescence intensity of ATTO655, ATTO680, and ATTO700 tetrazine conjugates increases strongly upon addition of denaturing agents such as guanidinium chloride while ATTO488 and Cy5 show only small effects if at all ( Supplementary Fig. S6 ). Hence, it can be concluded that hydrophobic interactions between the longer wavelength absorbing oxazine and Si-rhodamine dyes and Me-Tet with a stacked arrangement of the conjugated -electron systems play an important role in the formation of ground-state complexes with ultrafast fluorescence quenching. Since tetrazine exhibits a very high electron affinity 36, 37 , the excited longer-wavelength absorbing dyes are most likely efficiently quenched in their stacked conformation via photoinduced electron transfer (PET).
The carbocyanine dyes such as Cy5 exhibit a higher water solubility and are thus less prone to form complexes with Me-Tet. In the case of Me-Tet-ATTO488 fluorescence quenching is dominated by through-space FRET where complex formation between dye and tetrazine moiety does not play a dominant role.
Investigating fluorescence quenching dynamics of tetrazine-dyes by fluorescence correlation spectroscopy (FCS)
Knowing that ATTO655 and similar dyes form nonfluorescent complexes with tetrazine in aqueous solutions driven by hydrophobic interactions, we can assume an equilibrium between two states for the dye in conformationally flexible tetrazine-dyes: an 'open' fluorescent state Aopen and a 'closed', complexed nonfluorescent state Bclosed. Both states are populated according to the closing and opening rate constants, kclosing and kopening. To investigate this equilibrium in more detail, we performed fluorescence correlation spectroscopy (FCS) experiments ( Fig. 1d) . FCS analyzes temporal fluorescence fluctuations from highly diluted samples (nanomolar concentrations), probing molecules diffusing through a confined detection volume (typically 1 femtoliter with 1-20 molecules) by Brownian motion 38 . Characteristic time scales of molecular processes that result in fluctuating fluorescence emission can be measured under thermodynamic equilibrium conditions with nanosecond time resolution [39] [40] [41] .
Under moderate excitation conditions, no photophysical process, such as intersystem crossing, is apparent in the submillisecond time domain of FCS-curves recorded from Me-Tet-ATTO655 after reaction with TCO*-Lys (Fig. 1d ). The FCS curve shows a millisecond decay corresponding to the molecules' diffusion through the confocal excitation/detection volume.
However, the FCS curve recorded from Me-Tet-ATTO655 before addition of TCO*-Lys displays an additional fast decay occurring on the nano-to microsecond time scale together with a change in amplitude ( Fig. 1d) . Bimolecular experiments with ATTO655 and 25 mM tetrazine reveal a similar FCS decay ( Supplementary Fig. S7 ) confirming the idea of diffusiondriven formation of non-fluorescent complexes. By fitting an analytical FCS curve representing two-state fluorescence intermittency to the bimolecular data with a mixture of free ATTO655 and tetrazine we estimated kclosing = (0.04±0.01) × 10 9 s -1 and kopening = (0.015±0.002) × 10 9 s -1 . These values represent an association rate constant of (1.5±0.5) × 10 9 M -1 s -1 and an association constant of (100±23) M -1 , close to the values from Stern-Volmer analysis.
Concentration estimates from the amplitude of FCS curves confirm that all fluorophores contribute to the observed bimolecular FCS decays and no population of fluorophores exist, that are quenched over time periods longer than ~1 ms (the diffusion-limited observation time) ( Supplementary Fig. S7 ).
It is thus reasonable, that the nano-to microsecond decay recorded for Me-Tet-ATTO655 Table 1) . The remaining turn-on ratio is indeed reflected in a concentration difference by about a factor of four that is observed from the amplitude of FCS curves ( Supplementary Fig. S7 ). This observation of multiple decay components on time scales above and below the FCS diffusion time of ~1 ms indicates that the intramolecular linker introduces additional conformational constraints for the process of complex formation.
Whereas Me-Tet-ATTO680 and Me-Tet-ATTO700 show similar behavior, the FCS-curves recorded from Me-Tet-Cy5 and Me-Tet-Cy5B in the absence and presence of TCO*-Lys are identical demonstrating that quenched complexes are not formed. The observed fast decay for Cy5 is due to well-characterized cis/trans-isomerization ( Supplementary Fig. S8 ) 42 .
Accordingly, we observed that Cy5B, which is not capable of isomerization due to the constrained conjugated bond structure, does not show the isomerization decay ( Supplementary Fig. S8 ).
Super-resolution microscopy with tetrazine-dyes
In order to enable testing of different tetrazine-dyes for super-resolution microscopy applications in an experimentally easy and comparable way, we synthesized phalloidin-TCO 43 , for labeling of the actin skeleton of fixed cells and subsequent attachment of tetrazine-dyes by click chemistry. Confocal fluorescence images demonstrate that all tetrazine-dyes are wellsuited for high-end microscopy ( Fig. 2, Supplementary Fig. S9 ).
Next, we tested their performance in super-resolution microscopy by re-scan confocal microscopy (RCM) 44, 45 and structured illumination microscopy (SIM) 46 providing a resolution improvement factor of 1.4 and 2.0, respectively ( Fig. 3, Supplementary Figs. S10 and S11) .
All tetrazine-dyes investigated, including the large Stokes-shift dyes AZ519 and AZ503 as well as the new dyes HMSiR 5 , JF 646 6,7 , and Cy5B 8 , show excellent labeling efficiency and provide super-resolved actin images with high signal-to-noise ratio. Furthermore, fluorogenic tetrazinedyes such as Me-Tet-ATTO488, Me-Tet-ATTO655, and Me-Tet-ATTO680 with turn-on ratios ≥ 6 ( Table 1 ) enable wash-free super-resolution fluorescence imaging ( Fig. 3b) 28, 29 .
Furthermore, also other tetrazine-dyes such as H-Tet-Cy3 and H-Tet-Cy5 with lower turn-on ratio allow wash-free fluorescence imaging (Supplementary Fig. S12 ). This finding demonstrates that not only the turn-on ratio but likewise a high water-solubility and low tendency of unspecific binding to cellular components in combination with superior click reactivity can promote wash-free imaging of intracellular structures.
Next, we performed single-molecule localization microscopy experiments to verify that tetrazine-dyes can be used as well for single-molecule sensitive fluorescence imaging (Fig. 4) .
The obtained super-resolution images demonstrate, that H-Tet-Cy5 coupled to phalloidin-TCO can be reliably photoswitched in the presence of millimolar concentrations of thiols enabling dSTORM imaging 14, 15 of the actin skeleton with superior spatial resolution ( Fig. 4a) . In addition, we tested also the bridged carbocyanine dye Cy5B 8 for PALM-imaging under reductive imaging conditions ( Fig. 4b ) and the spontaneously blinking dye HMSiR 5 in PBS, pH 7.4 without addition of photoswitching buffer ( Fig. 4c ) and achieved similar image qualities; or to be precise, the dyes exhibit slightly different localization precisions of ~12 nm (Cy5), ~13 nm (HMSiR), and ~11 nm (Cy5B) due to the different localization intensities of 1 : 0.42 : 1.8 (Cy5 : HMSiR : Cy5B) recorded under the different experimental conditions.
Visualization of membrane receptors by bioorthogonal labeling with tetrazine-dyes
To demonstrate the usefulness of click chemistry and tetrazine-dyes for fluorescence imaging of cells, we used GCE for site-specific labeling of extracellular domains of two membrane receptors: the kainate receptor (GluK2) and the tumor necrosis factor receptor 1 (TNFR1).
Kainate receptors are ionotropic glutamatergic receptors that mediate fast excitatory neurotransmission and are localized to the presynaptic and postsynaptic sides of excitatory synapses 47 . The TNFR superfamily is a very important class of signal transduction molecules in the immune system 48 . TNFRs are single-membrane-spanning proteins that contain an extracellular TNF-binding region and a cytoplasmic tail.
To improve the incorporation efficiency of ncAAs and reduce the background signal we used a recently optimized pyrrolysine-based CGE system for click chemistry 49 . By adding a strong nuclear export signal (NES) to the N-terminus of the PylRS AF sequence (NESPylRS AF ), cytoplasmic localization of the protein of interest is promoted 49 . In combination with cellimpermeable dyes such as H-Tet-Cy5 this approach enables selective and efficient labeling of extracellular domains of correctly incorporated membrane receptors.
First, we exchanged serine at position 47 by TCO*-Lys in the extracellular domain of TNFR1 (TNFR1-tdEOS S47TAG ) in HEK293T cells by amber suppression. We tested different H-Tet-Cy5 concentrations ranging from 10 nM to 5 µM and found that labeling with 1.5 µM H-Tet-Cy5 for 10 minutes is optimal. Cells were labeled with H-Tet-Cy5 and imaged by confocal laser scanning microscopy. With tdEOS attached C-terminally after the amber suppression site, the fluorescence signal of the fluorescent protein is only detectable when the ncAA is incorporated properly into the protein of interest. Live-cell fluorescence images clearly show selective labeling of TNFRs in the plasma membrane of cells (Figure 5a ). Next, we labeled the kainate receptor GluK2 (GluK2 S343TAG -eGFP) in HEK293T cells by GCE (amber suppression) with TCO*-Lys and H-Tet-Cy5. Live-cell confocal fluorescence images show again exclusively extracellular fluorescence labeling of GluK2 (Figure 5b) . Corresponding dSTORM images demonstrate that GluK2 is expressed at high expression rates but homogeneously distributed in the plasma membrane of fixed HEK293T cells (Figure 5c ). 28 , we used two alternative live-cell tubulin labeling strategies. First, we introduced TCO*-Lys into the microtubule-associated protein (MAP) enscosine (E-MAP-115) which is known to be better tolerated by cells at high expression levels 50 and second, we synthesized Docetaxel-TCO, a microtubule-stabilizing antimitotic drug [51] [52] [53] (Fig. 6a) . It has been shown that cells expressing four to ten times the physiological level of endogenous MAP exhibited microtubule dynamics indistinguishable from those of untransfected cells indicating that E-MAP-115 most likely serves to modulate microtubule functions or interactions with other cytoskeletal elements 50 .
Live-cell bioorthogonal labeling
We inserted TCO*-Lys into the microtubule binding domain (EMTB) of E-MAP-115, which is C-terminally tagged with three GFPs (EMTB 87TAG -3xGFP) 54 for live-cell bioorthogonal labeling and fluorescence imaging (Fig. 6a) . Thus, monitoring of the GFP signal allowed us to select strongly expressing cells and change to TCO*-Lys free medium one day before bioorthogonal labeling with cell-permeable H-Tet-SiR 4,28 in order to minimize the non-specific background signal. In addition, we used again the tRNAPyl/NESPylRS AF pair to improve nuclear export of tRNA-Synthetase 49 .
Using these optimized approach, we were able to perform fluorescence imaging of microtubule dynamics in living cells by re-scan confocal microscopy (RCM) 44, 45 (Fig. 6b, Supplementary   Videos 1 and 2) . However, additional single-molecule localization microscopy experiments of fixed EMTB 87TAG -3xGFP cells with H-Tet-HMSiR illustrate that the fluorescence background of unbound EMTB still limits the achievable image quality (Fig. 6c ). Next, we tested whether Docetaxel-TCO specifically binds to microtubules and enables live-cell labeling of the cytoskeleton with H-Tet-SiR. Live-cell standard confocal as well as super-resolution microscopy images recorded by re-scan confocal microscopy (RCM) 44, 45 and structured illumination microscopy (SIM) 46 demonstrate specific labeling of the cytoskeleton by click chemistry (Fig. 6d) . Furthermore, we performed live-cell re-scan confocal time lapse microscopy showing that microtubules exhibit damped dynamics lacking microtubule polymerization and degradation events as seen in our EMTB labeling approach when applying the microtubule-stabilizing antimitotic drug Docetaxel-TCO at micromolar concentrations (compare Supplementary Videos 1,2, and 3 ).
Conclusions
With continuously increasing spatial resolution of super-resolution microscopy the development of small and efficient fluorescent probes generating minimal linkage errors becomes particularly important. Site-specific introduction of a ncAA such as TCO*-Lys into the amino acid chain of the protein of interest followed by bioorthogonal click chemistry with tetrazine-dyes represents a broadly useful possibility to overcome current limitations and enable high-end fluorescence imaging with organic dyes. In addition, a broad range of organic dyes are commercially available as tetrazine-dyes. Whereas FRET is responsible for fluorescence quenching in blue-and green-absorbing dyes, we discovered PET from the excited dye to tetrazine as the main quenching mechanism in red-absorbing oxazine and Sirhodamine derivatives. We show that a stacked arrangement of the conjugated -electron The turn-on ratio was determined from experiments shown in Fig. 1a . water:acetonitrile with 0.1% formic acid and an elution gradient of 0-95% in 45 min). Synthetic procedure and characterization. The synthesis of docetaxel-TCO (6) was performed in three steps (Scheme 1). Docetaxel (1) was deprotected with formic acid to obtain intermediate 2 as previously reported. [1] The reaction of 6-aminohexanoic acid (3) and (E)-cyclooct-4-en p-nitrophenol active ester (4) in DMF/H2O mixture overnight led to (E)-cyclooct-4-en-1-yl-N-hexanoic acid carbamate (5) . The subsequent amide coupling between intermediates 2 and 5 generated the docetaxel-TCO probe 6.
Chemical synthesis of docetaxel-TCO probe
Supplementary Scheme 1: Synthesis of docetaxel-TCO probe.
3'-Aminodocetaxel (2)
In a 5 mL flask docetaxel (1) (100 mg, 124 µmol, 1 eq.) was dissolved in 0.5 mL formic acid and stirred at r.t. for 3 h. Afterwards the solvent was evaporated to dryness under reduced pressure and the obtained crude formate salt 2 was used in the next step without further purification.
(E)-Cyclooct-4-en-1-yl-N-hexanoic acid carbamate (5) In a 5 mL flask 6-aminohexanoic acid (3) (25.0 mg, 191 µmol, 1 eq.) was suspended in 0.5 mL DMF and 0.1 mL H2O and 132 µL NEt3 (953 µmol, 5 eq.) were added. After stirring for 5 min (E)-cyclooct-4-en p-nitrophenol active ester (4) (55.5 mg, 191 µmol, 1 eq.) was added and the reaction mixture was stirred overnight. The clear yellow solution was diluted with 50 mL AcOEt and 10 mL 1 M NH4Cl. The aqueous phase was separated and the organic phase was washed once with 10 mL brine. The organic layer was dried over Na2SO4 and concentrated under reduced pressure. The residue was purified by column chromatography using a gradient: 
Measurements of absorbance/emission spectra. Time-dependent fluorescence intensities
were measured in quartz glass cuvettes using a FP-6500 spectrofluorimeter (Jasco).
Fluorescence was excited at the absorption maxima. The sample temperature was adjusted to 25°C using a Peltier thermocouple. PET-FCS data was fitted to an analytical model for diffusion and a two-state equilibrium with off-and on-rate constants kclosing and kopening:
where N is the number of detected molecules; D is the diffusion time; A = kclosing / kopening is the equilibrium constant and rel = (kclosing + kopening) -1 is the exponential time constant. Supplementary Figure S7 . a. FCS curves of free ATTO655 alone (cyan) and in the presence of 25 mM Me-Tet-amine (magenta). b. FCS curves of Me-Tet-ATTO655 (magenta) and free ATTO655 (cyan). All data were recorded with dye concentrations of 1 nM and the FCS curves and normalized to the amplitude of the free ATTO655 data. Amplitude differences thus reflect the existence of quenched complexes that are stable on time scales longer than the diffusion time scale.
Supplementary Figure S10 . Re-scan confocal fluorescence images of NIH/33T3 cells labeled with phalloidin-TCO and different tetrazine-dyes. Cells were fixed and pre-labeled with an excess of phalloidin-TCO. Labeling was performed after washing with 1-3 µM tetrazine-dyes for 10 min. Before imaging, the excess of tetrazine-dyes was removed my washing with PBS, pH 7.4.
Supplementary Videos 1 and 2.
Live-cell re-scan confocal time lapse microscopy of COS7 cells transfected with EMTB87TAG-3xGFP and clicked with 3 µM H-Tet-SiR for 10 min (GFP: green, SiR: magenta, and overlay). Cells were imaged in fresh cell culture medium.
Supplementary Video 3.
Live-cell re-scan confocal time lapse microscopy of U2OS cell treated with 10 µM Docetaxol-TCO for 30 min and labelled with 10 µM H-Tet-SiR for 10 min. Cells were imaged in fresh cell culture medium.
Scale bars in all videos: 5 µm Video speed: 20x
